The filamentous, nitrogen-fixing cyanobacterium Anabaena sp. strain PCC 7120 accumulates sucrose as a compatible solute against salt stress. Sucrose-phosphate synthase activity, which is responsible for the sucrose synthesis, is increased by salt stress, but the mechanism underlying the regulation of sucrose synthesis remains unknown. In the present study, a response regulator, OrrA, was shown to control sucrose synthesis. Expression of spsA, which encodes a sucrose-phosphate synthase, and susA and susB, which encode sucrose synthases, was induced by salt stress. In the orrA disruptant, salt induction of these genes was completely abolished. The cellular sucrose level of the orrA disruptant was reduced to 40% of that in the wild type under salt stress conditions. Moreover, overexpression of orrA resulted in enhanced expression of spsA, susA, and susB, followed by accumulation of sucrose, without the addition of NaCl. We also found that SigB2, a group 2 sigma factor of RNA polymerase, regulated the early response to salt stress under the control of OrrA. It is concluded that OrrA controls sucrose synthesis in collaboration with SigB2.
C
yanobacteria are a large group of bacteria characterized by oxygen-evolving photosynthesis. A photoautotrophic lifestyle has made cyanobacteria dependent only on light, water, and a few minerals, which enables them to inhabit almost all illuminated environments. Cyanobacteria have adapted to aquatic habitats with various salt concentrations. Halophilic strains, such as Aphanothece halophytica, are able to tolerate salinities five times as high as the salinity of seawater (equivalent to 3.0 M NaCl) (1) . Saltstressed cells accumulate compatible solutes to compensate for the difference in water potential (2) . Among cyanobacteria, a correlation was found between the final salt tolerance limit and the major compatible solute (3) . Low-halotolerance strains accumulate sucrose and trehalose as their major compatible solutes, while moderately halotolerant strains synthesize glucosylglycerol and glucosylglycerate. In halophilic strains, the main compatible solute is glycine betaine or glutamate betaine. Expression of genes involved in compatible solute synthesis is shown to be induced after salt shock treatments in some cyanobacteria (4, 5) ; however, molecular mechanisms of regulation of compatible solute synthesis have not been fully understood (6) .
Cyanobacteria belonging to the genera of Anabaena and Nostoc accumulate sucrose as the only significant compatible solute under salt stress conditions (7) . Anabaena and Nostoc are filamentous nitrogen-fixing cyanobacteria, in which nitrogen fixation is carried out within differentiated cells called heterocysts. Because heterocysts are unable to perform photosynthesis, vegetative cells supply carbohydrate, probably in the form of sucrose, to heterocysts, where sucrose is catabolized to provide carbon skeletons and reductant required for nitrogen fixation (8, 9) . Thus, regulation of sucrose metabolism is also important for diazotrophic growth of heterocystous cyanobacteria. The metabolic pathways of sucrose have been well studied in Anabaena spp. (Fig. 1) . Sucrose is mainly synthesized through sucrose-phosphate synthase (SPS) coupled to sucrose-phosphate phosphatase (10, 11) . Sucrose synthase (SuS) is able to catalyze a reversible reaction of sucrose synthesis and cleavage, but SuS is involved in the cleavage of sucrose in vivo (12) . Invertase catalyzes the irreversible hydrolysis of sucrose into hexoses. The invB gene is highly expressed in heterocysts and is essential for diazotrophic growth (13, 14) .
In Anabaena sp. strain PCC 7120 (here, Anabaena PCC 7120), sucrose accumulation is also observed under dehydration stress, and DNA microarray analysis has shown that spsA, which encodes SPS, and genes encoding transcriptional regulators, orrA (alr3768), and sigB2 (alr3800), are induced by dehydration (15) . OrrA is an NarL-type response regulator and is involved in salt induction of the lti2 gene (16) . The lti2 gene has been originally isolated from Anabaena variabilis M3 as a low-temperature-induced gene (17) . In Anabaena PCC 7120, expression of lti2 is also upregulated by salt and osmotic stresses, and its induction is eliminated by disruption of orrA (16) . SigB2 is a group 2 sigma factor of RNA polymerase (18) . In the unicellular cyanobacterium Synechocystis sp. strain PCC 6803, SigB regulates the salt acclimation response including upregulation of genes involved in compatible solute synthesis (19) .
Cyanobacteria have recently drawn attention as promising organisms for sustainable production of biofuels or industrial feed-stock (20, 21) . Sucrose produced by cyanobacteria is also of interest as a sugar source for fermentative production of renewable fuels and chemicals. Because sucrose can be fermented directly, the costly pretreatment required for cellulosic biomass can be avoided. The sucrose accumulation capacities of model cyanobacteria, Synechocystis PCC 6803, Synechococcus elongatus PCC 7942, and Anabaena PCC 7120, was examined under salt stress conditions, and Anabaena PCC 7120 showed the highest sucrose accumulation among them (22) . The sucrose productivities were improved by rerouting carbon fluxes to sucrose synthesis (22) (23) (24) . The potential for sucrose production in genetically engineered cyanobacteria is estimated to be higher than that observed for sugarcane (23) .
In the present study, we investigated salt regulation of genes involved in sucrose metabolism in Anabaena PCC 7120. Saltadapted Anabaena PCC 7120 cells accumulate sucrose as a compatible solute (7) and increase SPS activity (25) . The transcript levels of spsA and SuS genes (susA and susB) were increased in response to addition of NaCl. This induction was abolished by disruption of the orrA gene. The orrA disruptant showed decreased sucrose accumulation under salt stress conditions, and overexpression of orrA increased expression of spsA, susA, and susB, followed by sucrose accumulation. It was also indicated that SigB2 was involved in the regulation of the early response to salt stress under the control of OrrA. It is concluded that OrrA controls sucrose synthesis in collaboration with SigB2 in Anabaena PCC 7120.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Anabaena sp. strain PCC 7120 and its derivatives were grown at 30°C under continuous illumination provided by a fluorescent lamp at 30 E m Ϫ2 s Ϫ1 in nitrogen-free modified Detmer's medium (MDM 0 ) (26) or the BG-11 medium containing nitrate as a nitrogen source (27) . Liquid cultures were bubbled with air containing 1% (vol/vol) CO 2 . Salt stress conditions were set up by addition of 50 mM NaCl to cultures in the late logarithmic phase (optical density at 750 nm [OD 750 ] of 0.5 to 0.7).
Mutant construction. All primers used in this study (Table 1) were designed based on genome data from CyanoBase (28) . A plasmid, pRorrAS, was constructed as follows. DNA fragments upstream and downstream of the orrA gene were amplified by PCR using the primer pair orrA-5F and orrA-5R and the pair orrA-3F and orrA-3R, respectively ( Table 1 ). The upstream fragment was cloned between the XhoI and BamHI sites of pBluescript II KS ϩ (Agilent Technologies), and then the downstream fragment was cloned between the BamHI and SacI sites. A spectinomycin resistance cassette excised by digestion with BamHI from the plasmid pDW9 (29) was inserted into the BamHI site between the upstream and downstream fragments. The SacI-XhoI fragment was excised from the resultant plasmid and cloned between the SacI and XhoI sites of pRL271 (30) to construct pRorrAS. A plasmid, pRsigB2S, was constructed as described for pRorrAS using the primer pair sigB2-5F and sigB2-5R and the pair sigB2-3F and sigB2-3R (Table 1) . pRorrAS and pRsigB2S were transferred by conjugation into Anabaena PCC 7120 according to the method of Elhai et al. (31) to construct the deletion mutants of orrA, DRorrAS, and sigB2, DRsigB2S, respectively.
A plasmid, pAorrA, for overexpression of the orrA gene was constructed as follows. A DNA fragment containing promoter and coding regions of orrA was amplified by PCR using the primer pair PorrA-F and OrrA-R and cloned into the EcoRV site of pBluescript II KS ϩ . This fragment was excised by digestion with BamHI and SalI and cloned between the BamHI and SalI sites of shuttle vector pAM505 (32) to construct pAorrA.
Determination of sucrose contents. Cells subjected to salt stress for the time indicated in Fig. 2B were filtered on mixed cellulose filter paper, and then low-molecular-mass compounds of cells were extracted with 80% ethanol for 3 h at 65°C (15) . After centrifugation, supernatants were vacuum dried, and the residue was dissolved in 0.5 ml of water. The samples were treated with 3 U of invertase (Sigma) in 50 mM sodium acetate (pH 4.5) for 2 h at 37°C, and the concentration of released glucose was determined with a glucose assay kit (Biovision). The chlorophyll a (Chl a) content of cultures was determined by the method of Mackinney (33) , and sucrose contents were normalized to the chlorophyll a content.
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TABLE 1 Primers used in this study
Primer Sequence (5=-3=)
qRT-PCR. Total RNA was extracted from whole filaments according to the method of Pinto et al. (34) and treated with DNase I (TaKaRa Bio). cDNA synthesis and quantitative reverse transcription-PCR (qRT-PCR) were performed as described previously using Thunderbird SYBR qPCR Mix (Toyobo, Osaka, Japan) (35) . Relative transcript levels were normalized to the value for 16S rRNA and are represented as means of duplicate measurements. Experiments were repeated at least three times.
Primer extension analysis. Primer extension analysis of the 5= end of the orrA transcripts was performed using the fluorescence-labeled primer IRD-orrA (Table 1) as described previously (36) . DNA sequencing was carried out with a SequiTherm Excel II DNA Sequencing Kit-LC (Epicenter) using the plasmid pGEMorrAup containing the region from Ϫ574 to ϩ280 with respect to the translation start site of the orrA gene as a template. The cDNA and sequencing products were analyzed with a model 4200 DNA sequencer (Li-Cor Biosciences).
RESULTS
Sucrose accumulation and induction of sucrose metabolism genes in response to salt stress. Diazotrophically grown Anabaena PCC 7120 showed a reduced growth rate in the presence of 50 mM NaCl ( Fig. 2A) and accumulated sucrose in response to the addition of 50 mM NaCl (Fig. 2B ). In the wild-type strain, the sucrose level was increased within 1 h after addition of NaCl and reached the highest level at 3 h, before gradually decreasing. The sucrose content of cells subjected to NaCl for 3 h was more than 20-fold higher than that of nontreated cells. Changes in expression of genes involved in sucrose metabolism by salt stress were determined by qRT-PCR in the wild-type strain. The transcript level of the spsA gene was upregulated within 30 min after salt stress and increased about 7-fold after 3 h (Fig. 3A) . Expression of spsB was decreased by salt stress (Fig. 3B) , and sppA was not affected (Fig.  3C) . susA and susB were induced by salt stress (Fig. 3D and E) . Particularly, induction of susB was remarkable. The transcript level of susB was increased more than 90-fold after 3 h (Fig. 3E) . Expression of invA did not respond to salt stress (Fig. 3F) , while invB was downregulated (Fig. 3G) .
OrrA is necessary for the induction of sucrose metabolism genes by salt stress. OrrA of Anabaena PCC 7120 and SigB of Synechocystis PCC 6803 are shown to be involved in regulation of the salt response (16, 19) . We investigated expression of orrA and sigB2 under salt stress conditions. The transcript levels of both orrA and sigB2 were upregulated by NaCl (Fig. 4) . Expression of orrA was drastically induced within 30 min after NaCl addition (Fig. 4A ), and the sigB2 transcript level was gradually increased by salt stress (Fig. 4B) . In Anabaena PCC 7120, there are three sigB2 paralogues, sigB, sigB3, and sigB4 (18) . sigB2 is carried on the chromosome, whereas sigB, sigB3, and sigB4 are carried on plasmids (37) . The transcript levels of the plasmid carrying sigB2 paralogues did not respond to the addition of NaCl (Fig. 4B) .
To examine the role of OrrA and SigB2 on the salt response of sucrose metabolism genes, the orrA and sigB2 genes were inactivated by deletion from the chromosome of Anabaena PCC 7120. Disruption of orrA decreased the transcript level of sigB2 and diminished the upregulation of sigB2 by salt stress (Fig.  4B) , while sigB2 disruption did not affect the upregulation of orrA (Fig. 4A) . In addition to sigB2, OrrA was necessary for salt induction of sucrose metabolism genes. Before NaCl addition, the transcript levels of spsA, susA, and susB in the orrA disruptant were equivalent to those in the wild type, but induction of spsA, susA, and susB by NaCl was completely abolished in the orrA disruptant (Fig. 3) . Expression of spsA, susA, and susB was also regulated by SigB2. The transcript levels of spsA, susA, and susB in the sigB2 disruptant were lower than those in the wild type 60 min after NaCl addition though expression of these genes was upregulated by NaCl (Fig. 3) . Thus, the effects of sigB2 disruption were limited to the beginning of salt stress. It was concluded that OrrA controls the salt induction of spsA, susA, susB, and sigB2 and that SigB2 is involved in the early response of spsA, susA, and susB to salt stress.
OrrA activates sucrose synthesis. Sucrose accumulation of the orrA disruptant was investigated under salt stress conditions. Sucrose was gradually increased in the orrA disruptant in contrast to drastic accumulation in the wild type (Fig. 2B) . The sucrose content of the orrA disruptant reached 1.6 Ϯ 0.2 mol/mg Chl a at 6 h after NaCl addition, which was 40% of the highest level of the wild type (4.3 Ϯ 0.4 mol/mg Chl a) (Fig. 2B) . Although the sucrose content of the orrA disruptant was decreased, its growth rate was comparable to that of the wild type even in the medium supplemented with 50 mM NaCl (Fig. 2A) . These results support the idea that sucrose is more important as a general stress protect- ant than salt stress-specific protectants (38) . The sucrose content was also reduced by the sigB2 disruption during the first 3 h after NaCl addition (Fig. 2B) . The sucrose contents of the sigB2 disruptant at 1 and 3 h were decreased to 60% and 71% of those of the wild type, respectively, while differences in sucrose contents after 6 h were not significant (Fig. 2B) .
To further investigate the regulation of sucrose synthesis by OrrA, the orrA gene was overexpressed from a multicopy plasmid. The transcription initiation site of orrA was situated at position Ϫ73 with respect to the translation start site of the orrA gene (Fig. 5) . A plasmid, pAorrA, which carries the orrA gene with 240 bp of the promoter region, was transferred into Anabaena PCC 7120. We obtained a number of strains bearing pAorrA, but diazotrophic growth of these strains was unsettled; i.e., some strains were able to grow diazotrophically, but others were not. Since growth levels of all strains in nitrate-containing medium were similar, experiments were carried out in the presence of nitrate using a representative strain. The orrA transcript level was more than 10-fold higher in the strain bearing pAorrA than in the control strain (Fig. 6A) . Overexpression of orrA increased the transcript levels of spsA, susA, and susB, while the increase was less than that of the orrA transcript, suggesting the presence of translational or posttranslational regulation of OrrA (Fig. 6A) . The sucrose level of the control strain in the presence of nitrate was seven times as high as that of the wild type under diazotrophic conditions, but the sucrose content of the strain overexpressing orrA was nevertheless twice as much as that of the control strain (Fig. 6B) . It is concluded that increase in expression of the orrA gene causes accumulation of sucrose irrespective of salt stress. susB (E), invA (F), and invB (G) before (0 h) and at 30, 60, and 180 min after the addition of 50 mM NaCl were determined by qRT-PCR in the wild-type, DRorrAS, and DRsigB2S strains. The transcript levels were determined in duplicate measurements using three independently grown cultures. The transcript level at 0 min in the wild type was taken as 1. Data that represent a significant difference (P Ͻ 0.05; t test) between the wild type and DRorrAS (#) or DRsigB2S ( §) are indicated.
DISCUSSION
In the present study, we demonstrated that the response regulator OrrA controls sucrose synthesis in Anabaena PCC 7120. Disruption of the orrA gene resulted in abolishment of salt induction of the genes involved in sucrose metabolism (Fig. 3 ) and reduced accumulation of sucrose under salt stress conditions (Fig. 2B) .
Moreover, in Anabaena PCC 7120 overexpressing the orrA gene, the transcript levels of genes involved in sucrose metabolism and the cellular sucrose level were increased without addition of salt (Fig. 6) . Thus, OrrA plays a pivotal role in the regulation of sucrose synthesis. Metabolic engineering using a transcriptional regulator that regulates sugar catabolism has succeeded in accelerating production of bioplastics in Synechocystis PCC 6803 (39, 40) . OrrA should be applicable to metabolic engineering of sucrose production by cyanobacteria.
Two-component systems that contribute to the perception and transduction of salt stress signals have been identified in Synechocystis PCC 6803. The histidine kinase/response regulator pairs Hik33/Rre31, Hik34/Rre1, Hik2/Rre1, Hik16/Hik41/Rre17, and Hik10/Rre3 are involved in the upregulation of different sets of genes (41) . However, expression of many salt-inducible genes, including genes involved in compatible solute synthesis, was not controlled by any of these two-component systems. Four twocomponent systems, Hik33/Rre31, Hik34/Rre1, Hik2/Rre1, and Hik10/Rre3, are also present in Anabaena PCC 7120, but OrrA is not found in Synechocystis PCC 6803 (42) . OrrA is conserved in cyanobacteria belonging to the genera of Anabaena and Nostoc. Four genes (all3767-all3764) of two-component systems are located upstream of the orrA gene on the genome of Anabaena PCC 7120 (Fig. 7) . All3767 is a histidine kinase with two PAS domains, All3766 is a response regulator without output domain, and All3765 and All3764 are histidine kinases with a receiver domain (43) . PAS (Per-ARNT-Sim) domains perform a variety functions within sensory proteins by promoting protein-protein interaction or by directly binding different substrates, such as cofactors, ligands, and ions (44) . Orthologues of all3765 and all3764 are also found in the vicinity of orrA in the genomes of Anabaena and Nostoc species (Fig. 7) . A genetic locus containing orrA and all3767-all3764 could be involved in the perception and transduction of salt stress signals in Anabaena PCC 7120.
The salt-responsive promoter of orrA was identified by primer extension analysis (Fig. 5) . The promoter sequence was compared with that of the lti2 gene, which was also induced by salt stress (16, 17) . We found a conserved sequence, TCTN 6 AGA, upstream of the Ϫ35 promoter region (Fig. 8A) . The sequences are centered The transcript levels of sigB2 paralogues, sigB, sigB2, sigB3, and sigB4, in the wild type and sigB2 in the DRorrAS strain were determined. The transcript levels were determined in duplicate measurements using three independently grown cultures. The transcript level at 0 min in the wild type was taken as 1.
Data that represent a significant difference (P Ͻ 0.05; t test) between the wild type and DRorrAS (#) or DRsigB2S ( §) are indicated. 77.5 and 74.5 nucleotides (nt) upstream from the transcription initiation sites of orrA and lti2, respectively, indicating that a transcriptional regulator that binds to this sequence activates transcription by the class I mechanism (45) . The conserved sequence was also found within regions upstream of spsA and susA (Fig. 8B) , suggesting a common regulatory mechanism of orrA, lti2, spsA, and susA. OrrA belongs to the NarL family, and response regulators of this family generally recognize inverted repeat sequences (46) . Thus, OrrA is a candidate for the transcriptional regulator that binds to the conserved sequence.
A group 2 sigma factor, SigB2, which was upregulated by salt stress under the control of OrrA (Fig. 4B) , was involved in the early response to salt stress. Disruption of sigB2 decreased the transcript levels of spsA, susA, and susB and the sucrose level during the first 1 and 3 h after salt stress, respectively ( Fig. 2B and 3) . However, decreases in the expression of spsA, susA, and susB and the sucrose level were prominent in the orrA disruptant even in the beginning of salt stress (Fig. 2B and 3 ), indicating that OrrA or a transcription factor(s) regulated by OrrA was also involved in the early response of these genes. It is indicated that SigB regulates the early salt acclimation processes, including glucosylglycerol synthesis in Synechocystis PCC 6803 (19) . Inactivation of sigB retards the salt induction of ggpS encoding glucosylglycerol-phosphate synthase but does not totally prevent the induction. Thus, SigB homologues of cyanobacteria could regulate the salt response in collaboration with other transcriptional regulators, such as OrrA, especially in early phases of salt stress.
The SPS activity of Anabaena PCC 7120 cells increases by salt treatment (25) , and the spsA gene has been induced by salt stress (Fig. 3A) . Since expression of spsB was decreased by salt stress (Fig.  3B) , induction of spsA is likely to contribute to the salt-dependent increase of SPS activity. Although induction of spsA by salt stress was completely abolished in the orrA disruptant (Fig. 3A) , the sucrose level was increased (Fig. 2B) , indicating posttranslational activation of SpsA. SPS activities of Synechococcus sp. strain PCC 6301 and Synechocystis PCC 6803 were stimulated by the addition of NaCl to the assay buffer, while with Anabaena PCC 7120 NaCl addition did not change the SPS activity (25, 47) . As the activation of SpsA of Synechocystis PCC 6803 by NaCl is concentration dependent (47), the concentration of NaCl (171 mM) used in the assay of SPS of Anabaena PCC 7120 might be inappropriate. In Synechocystis PCC 6803, salt-induced sucrose accumulation is achieved by SpsA (25) , and overexpression of spsA results in increased sucrose accumulation under salt stress conditions (22) . In the orrA-overexpressing strain, expression of spsA and the sucrose level were increased without the addition of NaCl (Fig. 6) . Addition of NaCl would further increase the expression of spsA and the activity of SPS, followed by enhanced accumulation of sucrose. Thus, the orrA-overexpressing strain is a promising strain for sucrose production using cyanobacteria. The susA and susB genes were also induced by NaCl (Fig. 3) , and SuS is also capable of synthesizing sucrose (10) . However, SuS functions mostly to catalyze the cleavage of sucrose in vivo. In Anabaena PCC 7119, sucrose levels were markedly increased by susA disruption, and sucrose could not be detected in an susA-overexpressing strain (12) . Thus, in salt-treated Anabaena cells, an increase in sucrose synthesis is accompanied by an enhancement in sucrose degradation. Although sucrose degradation is activated by NaCl, the transcriptional and posttranslational regulation of SPS activity by NaCl could result in a net accumulation of sucrose. Sugar cycles are also observed in trehalose accumulation during dehydration stress in Anabaena PCC 7120 (15) . These sugar cycles may have physiological functions, such as control of respiration, sugar accumulation, and sugar signaling, as suggested in plants (48) . 
